Ecologists hold two views about the role of herbivory in ecosystem dynamics. First, from a food web perspective in population͞community ecology, consumption by herbivores reduces plant abundance. Second, from a nutrient cycling perspective in ecosystem ecology, herbivory sometimes slows down cycling, which decreases plant abundance, but at other times speeds up cycling, which possibly increases plant abundance. The nutrient cycling perspective on herbivory has been experimentally addressed more thoroughly in aquatic systems than in terrestrial systems. We experimentally examined how grasshoppers influence nutrient cycling and, thereby, plant abundance and plant species composition over a period of 5 years. We examined how grasshoppers influence nutrient (nitrogen) cycling (i) by their excrement, (ii) by changing the abundance of and the decomposition rate of plant litter, and (iii) by both. Grasshoppers may speed up nitrogen cycling by changing the abundance and decomposition rate of plant litter, which increases total plant abundance (up to 32.9 g͞m 2 or 18%), especially, the abundance of plants that are better competitors when nitrogen is more available. However, whether grasshoppers enhance plant abundance depends on how much they consume. Consequently, ecosystems and food web perspectives are not mutually exclusive. Finally, under some conditions, grasshoppers may decrease nutrient cycling and plant abundance.
I
f other factors are not limiting plant production (e.g., water availability, temperature, and sunlight), plant abundance should decrease when nutrient cycling is slowed down and increase when nutrient cycling is speeded up. It has long been hypothesized that herbivory may affect the speed of nutrient cycling (1) . Herbivores change nutrient cycling by deposition of excrement, by changing the quantity and quality (nutrient content and decomposition rate) of plant litter, and by sequestering nutrients in their bodies. However, because consumption reduces plant abundance, herbivory can increase plant abundance only if the enhancement of nutrient cycling exceeds the depressing effect of consumption.
Herbivory's effects on nutrient cycling are summarized in Fig. 1 . Nutrient release from excrement and dead herbivores has been termed the fast cycle (2) , because this detritus rapidly decomposes and releases nutrients for plant uptake. Release of nutrients from plant litter has been termed the slow cycle (2) , because this detritus slowly decomposes and releases nutrients for plant uptake. Herbivory affects the slow cycle by changing the quantity of plant litter and its quality, if herbivores preferentially feed on plants that differ in how rapidly their litter decomposes (3, 4) . Preferential feeding on plants that produce slower decomposing litter reduces their relative abundance, speeding up the slow cycle, whereas preferential feeding on plants that produce faster decomposing litter slows down the slow cycle.
Shifts in proportion of nutrients released by fast versus slow cycles may change nutrient availability to plants, which may, in turn, modify plant production and species composition. If preferential feeding on slower decomposing plants overshadows deleterious effects of consumption on plants, it may accelerate nutrient cycling and increase plant production (3). However, preferential feeding on fast decomposing plants may decelerate nutrient cycling and decrease plant production (3) . Nutrient cycling changes are one of several factors that affect plant species composition. For example, if slow decomposing plants are better competitors when nutrients are less available, and fast decomposing plants are better competitors when nutrients are more available, herbivore-induced changes in nutrient cycling may affect plant competition and, thereby, vegetation communities (3). Furthermore, changes in nutrient cycling, with resulting changes in plant species composition, may further accentuate changes in nutrient cycling, plant species composition, and plant production, thereby creating a self-enhancing or positive feedback.
Herbivory's role in nutrient cycling has been investigated experimentally in aquatic systems where both plants and herbivores are small-bodied and short-lived. In those environments, herbivory tends to accelerate nutrient cycling and increase plant production (5). In terrestrial systems, the role of mammalian herbivores in nutrient cycling has been studied most often, because mammals, with their large body sizes, consume large quantities of plants. Mammals may either decelerate nutrient cycling and diminish plant abundance (4 -6) or accelerate cycling and increase plant abundance (2, 7, 8) . These findings tend to be observational because of the difficulty in performing experiments on mammals with their large bodies and extensive home ranges. However, insect herbivores, because of their abundance and rapid turnover (short life span), may also strongly inf luence terrestrial nutrient cycling and may generally accelerate it (9, 10). Furthermore, because of their small size, short life span, and small home ranges, insect herbivores and their role in nutrient cycling can be studied experimentally.
For 5 years (1994-1999), we experimentally examined the role that grasshoppers play in nutrient cycling, plant production and plant species composition in an ecosystem where large mammalian herbivores are abundant, the Palouse prairie at the National Bison Range in Montana. areas with an insect screen so that grasshopper densities could be manipulated to assess how grasshopper density inf luences nutrient cycling, annual aboveground plant production (aboveground NPP Ϫ herbivore consumption), and plant species composition. We left 9 areas uncaged (6 areas of 1 m 2 and 3 areas of 9 m 2 ) to serve as controls. For the fifth year (May 1998 -April 1999), we did not cover any areas with screen, allowing field grasshoppers to inhabit previously manipulated and control areas to assess whether observed density effects persisted even though density manipulations had ended. Finally, we examined aboveground plant production and nutrient cycling without grasshoppers in 10 cages of 0.36 m 2 that were randomly placed over vegetation from May 1994 to October 1995 and again from May 1996 to October 1997 (5 cages with no grasshoppers and 5 cages with each year's field density; ref. 16 ).
Methods
We manipulated each 1-m 2 caged mesocosm in one of three ways (six cages per way) from May 1994 to May 1998: (i) Grasshopper density was manipulated (50% or 125% of each year's field density: three replicates), with each mesocosm having its litter removed and replaced with litter produced in a 1-m 2 unenclosed area (field grasshopper density), to examine fast cycle effects (variable consumption, but litter produced by constant consumption levels). (ii) Grasshopper density was kept constant (each year's field density), with each mesocosm having its litter removed and replaced with litter produced in mesocosms with different grasshopper densities (50% or 125% of each year's field density-litter produced in cages from way i above: three replicates) to examine slow cycle effects (constant consumption, but litter produced by different consumption levels). (iii) Grasshopper density was manipulated (50% or 125% of each year's field density: three replicates) with litter annually produced in situ clipped and placed back in the mesocosm (see below) to examine combined slow and fast cycles.
We defined litter as the aboveground portions of plants in October that become dormant over the winter and grow from stem bases in the following spring. We manipulated litter by clipping the aboveground portions at a height of 1.5 cm, removing them, weighing them, and then spreading them on the appropriate area. To keep clipped litter in each area from October to May when cages were removed, we staked netting (2.54-cm mesh) over areas. We manipulated litter in the six control mesocosms of 1 m 2 as above, but we placed it back on each respective area. We did not manipulate litter in the three uncaged mesocosms of 9 m 2 . We measured field densities of grasshoppers weekly in the 9-m 2 control areas by counting grasshoppers in 0.1-m 2 rings (eight rings per control area) at times of about 1100 and 1600 (17) . We stocked the 1-m 2 caged mesocosms with M. sanguinipes nymphs (Յ3rd instar) in mid-June to 50%, 100%, or 125% of current field density. We counted grasshoppers in each caged mesocosm weekly in three 0.05-m 2 rings at about 1100 and 1600. We added or removed M. sanguinipes individuals weekly from cages to maintain experimental densities relative to the field. We added individuals of the current most common developmental stage and removed individuals by killing and leaving them in each cage, which had no significant impact on N availability (16) .
We made the following measurements each year in each of the 27 mesocosms, and we made measurements 1 and 7 in the 10 0. 36 This measure does not reflect absolute water availability to plants but does reflect whether soil moisture was greater in mesocosms receiving one type of treatment compared with mesocosms receiving other treatments. Measurement 3. Plant N content for the most common plant species (E. smithii, P. pratensis, and P. compressa) was measured in early June (time of peak biomass) from a 5-g dry sample (Ͻ2% of plant biomass). Measurement 4. Litter N content was measured in October (time of onset of dormancy and litter manipulation) from a 5-g dry sample (Ͻ2% of litter biomass).
Measurement 5. Decomposition rates (percent change in dry matter and total N per period) were measured for common sources (field) of the two most abundant grasses (P. pratensis and E. smithii). Four nylon mesh (1-mm mesh) bags of each plant species (10 g collected in May) were placed on soil in May and collected in October and May over the next 2 years.
Measurement 6. Plant species composition and proportion of bare ground were measured in July by point-sampling (21) 100 points along four transects.
Measurement 7. Living-plant aboveground (green) biomass was measured by radiometer every 2 weeks from May to October. Radiometers measure the ratio of far-red͞infrared reflected radiation, which is used to estimate living-plant biomass (22, 23) Grasshopper feeding on each of the most common grasses (P. pratensis, P. compressa, and E. smithii) was measured as the percentage of 25 blades exhibiting damage.
Plant matter was dried at 60°C for 48 h, and soil was dried at 100°C for 48 h. Plant and litter N measurements were made by extracting N by using micro-Kjeldahl methods (28) . Inorganic N in the soil and resin bags was extracted with 2 M KCl (24, 25) after samples were thawed. The extractant N [g͞g (dry weight) of soil, plant, or litter] was assessed colorimetrically with an autoanalyzer (24, (26) (27) (28) .
We expressed measurements from manipulated mesocosms as percent change relative to control areas since the start of the experiment (May 1994): (1994, 1996) for N availability (ANOVA: F ϭ 0.25; df ϭ 1, 15; P Ͻ 0.63) and annual aboveground NPP less herbivory (ANOVA: F ϭ 0.59; df ϭ 1, 18; P Ͻ 0.45). This indicated that there were no cage effects on ecosystem processes. Therefore, we conclude that mesocosms reflect processes in the larger ecosystem.
Next year's aboveground NPP less consumption increases at a decreasing rate because the previous year's grasshopper density increases from 0% to 125% of field density ( Fig. 2A) . N availability increases in a similar manner (r 2 ϭ 0.68, df ϭ 4, P Ͻ 0.04) and changes in N correlate with changes in aboveground NPP less consumption (Fig. 2B) . Because N additions increase NPP at this site (11) , grasshopper herbivory appears to increase aboveground NPP after consumption by increasing available N for plant growth. Over the 5 years of the study, herbivory increased aboveground NPP by 19.9-32.9 g (dry weight) per m 2 per year.
We examined how grasshoppers increase NPP by using the 1-m 2 mesocosm experiments as follows:
Experiment 1: Fast Cycle Experiment (Varied Grasshopper Density͞
Control Litter). Aboveground NPP less consumption was 4-12% greater when grasshoppers were at 125% versus 50% of field density ( Fig. 3 ; ANOVA: F ϭ 6.8; df ϭ 1, 26; P Ͻ 0.01). This is expected if the fast cycle's magnitude is increased when more grass is produced at higher densities, which makes more N available to plants.
Experiment 2: Slow Cycle Experiment (Control Grasshopper Density͞
Varied Litter). Aboveground NPP less consumption was 9-20% greater with litter from mesocosms with 125% versus 50% field density ( Fig. 3 ; ANOVA: F ϭ 21.71; df ϭ 1, 26; P Ͻ 0.0001). This is expected if grasshoppers speed up the slow cycle, releasing more N by decomposition of litter.
Experiment 3: Combined Fast and Slow Cycle Experiment (Varied
Grasshopper Density͞in Situ Litter). Aboveground NPP less consumption was 4-18% greater when grasshoppers were at 125% versus 50% of field density ( Fig. 3 ; ANOVA: F ϭ 4.39; df ϭ 1, 26; P Ͻ 0.04). This is expected given that both fast and slow cycles increase NPP. However, when combined effects were correlated with associated fast (experiment 1) and slow cycle (experiment 2) effects, the fast cycle was found to diminish the slow cycle, and the slow cycle was twice as important as the fast cycle (r 2 ϭ 0.99, df ϭ 3, P Ͻ 0.003). Antagonism between fast and slow cycles is expected, because greater consumption (increased fast cycle effects) reduces litter abundance, which diminishes the magnitude of the slow cycle. Our result that NPP enhancement is greatest when grasshopper density is neither too great nor too small (Fig. 4) supports this ''tradeoff'' between fast and slow cycle effects.
As expected, N availability to plants is greater when grasshoppers were at 125% versus 50% of field density (Fig. 5 : t ϭ 3.10, df ϭ 6, P Ͻ 0.02), and we suggest that this increases NPP because N additions increase NPP at this site (11) . Grasshoppers influence the more important slow cycle by changing the amount of litter and its N content. As consumption increases (125% versus 50% field density), litter abundance decreases (Fig. 5 : t ϭ 2.9, df ϭ 6, P Ͻ 0.04), which reduces the amount of N contained in the slow cycle. However, as consumption increases, litter N content increases (Fig. 5: t ϭ 4 .69, df ϭ 6, P Ͻ 0.009), which increases the amount of N contained in the slow cycle and its rate of cycling. Slow cycle speed increases because decomposition is more rapid as litter N content increases (r 2 ϭ 0.91, df ϭ 4, P Ͻ 0.04). For example, E. smithii decomposed 11% slower than P. pratensis (t ϭ 5.10, df ϭ 2, P Ͻ 0.03), and E. smithii contained 28% less N than P. pratensis (t ϭ 13.76, df ϭ 8, P Ͻ 0.0001). Increased litter N content, in part, is due to increases in relative abundance of grasses with greater N content (P. pratensis and P. compressa versus E. smithii; Fig. 5 : t ϭ 48.18, df ϭ 6, P Ͻ 0.0005), which is partially due to preferential feeding on E. smithii ( 2 ϭ 9.45, df ϭ 1, P Ͻ 0.002).
Increased grasshopper density can counter the slow cycle in two ways. (i) Less litter might increase soil evaporation so that plants become water-limited, but soil moisture was not diminished in our experiments (Fig. 5 : t ϭ 0.55, df ϭ 14, P Ͻ 0.70). (ii) Less litter and higher litter and soil N might make the soil microbes that are responsible for decomposition carbon-limited rather than N-limited, and thereby, decrease decomposition rates (29, 30) . However, decomposition rates for common litter sources did not change with grasshopper density in our experiments ( Fig. 5 : t ϭ 0.59, df ϭ 4, P Ͻ 0.62). Therefore, countermechanisms to herbivory-enhancing slow-cycle effects and aboveground NPP were not observed.
All of the above fast, slow, and combined cycle effects were maintained in the last year (e.g., NPP in 1999; Fig. 3 ) when mesocosms were not caged, so that all areas were open to field grasshopper densities (for fast cycle, ANOVA: F ϭ 0.2; df ϭ 1, 26; P Ͻ 0.66; for slow cycle, ANOVA: F ϭ 0.57; df ϭ 1, 26; P Ͻ 0.46; for combined cycles, ANOVA: F ϭ 3.15; df ϭ 1, 26; P Ͻ 0.09). This suggests long-lasting influences of grasshoppers on nutrient cycling and NPP.
Discussion
Grasshopper herbivory appears to affect the Palouse prairie in the manner depicted in Fig. 1B , because N availability for plants and plant abundance increased with grasshopper density. Plant abundance probably increased because of greater N availability, because N additions are known to increase NPP at this site (11) . In this scenario (Fig. 1B) , N availability is primarily enhanced when the herbivore speeds up the slow cycle, which requires the herbivore to feed preferentially on plants of lower N content that decompose more slowly, as observed for E. smithii and P. pratensis.
The above ecosystem changes (Fig. 1B) may be self-enhancing (positive feedback) and no longer dependent on herbivory, if plants with higher N content and decomposition rates are competitively superior to other plants once N is more available. P. pratensis is competitively superior to E. smithii at higher N availability (31, 32) , and Poa increased relative to E. smithii (Fig.  5 ). Poa's increase is not solely caused by preferential feeding by grasshoppers on E. smithii, because Poa increased when grasshopper consumption was held constant and litter was manipulated (slow cycle experiment 1; t ϭ 5.42, df ϭ 4, P Ͻ 0.005). Self-enhancement was further supported in 1999 when mesocosms were not caged and grasshoppers had equal access to all areas, because increased plant abundance and N availability were maintained in areas previously experiencing higher grasshopper densities (Fig. 2) .
The observed increase in plant abundance is not due to herbivores benefiting consumed plants in a mutualistic fashion (33, 34) , because consumed plants do not grow or survive as well as unconsumed plants (16) . Rather, consumed and unconsumed plants grow better when herbivory makes more nitrogen available, an ecosystem function. Thus, herbivory can increase plant abundance if neither too little nor too much is consumed (Fig.  3) . If too little is consumed, herbivory will have too little influence on nutrient cycling to increase plant production. If too much is consumed, herbivory will depress plant growth and survival more than can be compensated for by greater growth as nutrient cycling increases.
In conclusion, our results indicate that ecosystem processes (nutrient cycling), functions (NPP) and structure (plant composition) are interrelated and strongly influenced by biotic interactions (35) (36) (37) . We cannot assess how typical our observations are for terrestrial systems. Other grasslands have lower grasshopper densities (38, 39) and nutrient cycling that depends more on fire (40) . Mammalian herbivory is not equivalent to grasshopper herbivory, because mammals, especially ungulates, uproot and trample plants and compact soil, which can decrease nutrient cycling and NPP (41) . However, generalizing about herbivory's ecosystem effects depends on whether herbivores preferentially feed on slower decomposing plants. Grasshoppers within 4 km of our study site fed preferentially on P. pratensis over E. smithii. P. pratensis decomposed faster and had higher N content, providing conditions for herbivory to diminish nutrient cycling and NPP (Fig. 1 A) . Consequently, ecosystem processes may vary because of biotic influences at smaller spatial scales than typically considered. 
